Two novel members of the bacterial phylum 'Verrucomicrobia', strains CAG34 T and CV41 T , were isolated from the guts of Cephalotes rohweri and Cephalotes varians ants, respectively. Strains CAG34 T and CV41 T were coccoid, Gram-stain-negative, non-motile, and formed creamcoloured colonies on trypticase soy agar. Optimum growth occurred under an atmosphere of 12-20 % O 2 and 1 % CO 2 for both strains, although strain CV41 T could not grow without supplemental CO 2 . Growth was possible under NaCl concentrations of 0.5-1.5 % (w/v) and temperatures of 23-37 C for both strains, and pH values of 6.9-7.7 for strain CAG34 T and 6.9-7.3 for strain CV41 T . The G+C content of the genomic DNA was 60.7 mol% for strain CAG34 T and 60.5 mol% for strain CV41 T . The major fatty acids for both strains were anteiso-C 15 : 0 , iso-C 14 : 0 , C 16 : 0 , and C 16 : 1 !5c. Based on the phylogenetic analysis of 16S rRNA gene sequences, the closest cultivated relative for both strains was the type strain of Opitutus terrae (91.8 % similarity). Hence, strains CAG34 T and CV41 T are considered to represent a new genus within the 'Verrucomicrobia' family Opitutaceae, for which we propose the name Cephaloticoccus gen. nov. Given that strains CAG34 T and CV41 T share 97.7 % 16S rRNA gene sequence similarity with each other and are physiologically distinct, we propose to classify the isolates as representing two novel species, Cephaloticoccus primus sp. nov. for strain CAG34 T (=NCIMB 15004 T =ATCC TSD-38 T ) and Cephaloticoccus capnophilus sp. nov. for strain CV41 T
'Verrucomicrobia' is a well-defined, major phylum within the domain Bacteria (Hedlund et al., 1997; Hugenholtz et al., 1998) . Currently, the members of this lineage are classified into six subphyla (Hedlund, 2010; Hugenholtz et al., 1998; Vandekerckhove et al., 2000; Yoon, 2011) and are abundant in many habitats, including marine (Freitas et al., 2012) , soil (Bergmann et al., 2011; Fierer et al., 2013; Lee et al., 1996; O'Farrell & Janssen, 1999) and animal gut environments (Tremaroli & B€ ackhed, 2012) . 'Verrucomicrobia' have been cultured from marine organisms (Scheuermayer et al., 2006; Yoon et al., 2007c) , seawater (Yoon et al., 2007a, b) , soil (Chin et al., 2001) , termites (Wertz et al., 2012) and the human intestine (Derrien et al., 2004 ). Yet, the division remains primarily defined by as-yet uncultivated strains. By using PCR amplification and DNA sequencing techniques, previous studies have shown that members of the 'Verrucomicrobia' constitute part of a stable, autochthonous community of symbionts maintained in the guts of Cephalotes 'turtle' ants (Anderson et al., 2012; Kautz et al., 2013; Russell et al., 2009) . These symbionts are protected by a proventricular filter (Lanan et al., 2016) , remain stable in laboratory-reared colonies and likely coevolved with their hosts (Sanders et al., 2014) . 'Verrucomicrobia' belonging to the order Opitutales are consistently detected at high numbers in the ant midgut (Anderson et al., 2012; Hu et al., 2014; Lanan et al., 2016) . As such, these vastly abundant Opitutales symbionts may play important contributory roles in host nutrition and disease resistance (Dillon & Dillon, 2004) . However, a cultivation-based study to explore their functional role in the Cephalotes ant gut has not yet been done. In this study, we describe the cultivation and physiological characterization of strains CAG34 T and CV41 T , two novel members of the 'Verrucomicrobia' family Opitutaceae isolated from Cephalotes ant guts. To date, these isolates represent the first 'Verrucomicrobia' symbionts cultivated from ants.
Strain CAG34 T was isolated from the guts of Cephalotes rohweri ants and strain CV41 T was isolated from the guts of Cephalotes varians. C. rohweri ants were collected from Tucson Mountain Park, Tucson, AZ, USA (32.23 N 111.12 W) in 2010 and reared in the laboratory as previously described (Anderson et al., 2012) until degutting. Wild C. varians ants were collected from hollow mangrove twigs from Crocodile Lake National Wildlife Refuge, Key Largo, FL, USA (25.29 N 80.31 W) in October 2012. The gasters of 12-15 ants were removed using sterile forceps and homogenized in a glass tissue homogenizer in sterile trypticase soy broth (TSB; Difco BD). Afterwards, the homogenate was serially diluted and spread onto trypticase soy agar (TSA; Difco BD) plates. The plates were incubated in air or in atmosphere-controlled glove boxes (Coy Labs) under hypoxic (2 % O 2 , 5 % CO 2 and 93 % N 2 ) and anoxic (5 % H 2 , 5 % CO 2 and 90 % N 2 ) conditions at room temperature for approximately 1 month. The resulting colonies were isolated, purified and then identified by 16S rRNA gene sequencing using the universal primers 63F (5¢-CAGGCCTAACACATGCAAGTC-3¢) and 1389R (5¢-ACGGGCGGTGTGTACAAG-3¢) (Baker et al., 2003) . Strains CAG34 T and CV41 T were isolated from plates maintained under hypoxia but were routinely grown on TSA plates or in TSB shaken at~200 r.p.m. at 28-30 C in atmospheric air (21 % O 2 ) supplemented with 1 % CO 2 . Additional testing showed that both strains could grow on brain heart infusion agar (Difco BD), but not on nutrient agar (Difco BD) or R2A agar (EMD Millipore). Frozen stocks were prepared by suspending bacterial cultures in TSB supplemented with 20 % (v/v) glycerol and storing them in rubber-sealed cryovials (Simport) at -80 C.
A number of growth experiments were completed to characterize strains CAG34 T and CV41 T . Unless otherwise mentioned, all experiments were performed with three to five replicates. To determine the optimum O 2 and CO 2 conditions for growth, cultures of strains CAG34 T and CV41 T were incubated in stoppered anaerobic culture tubes (Chemglass) containing 5 ml TSB and growth was monitored by spectrophotometry at a wavelength of 600 nm (Wertz & Breznak, 2007) . The TSB medium was deoxygenated by bubbling the liquid with 100 % N 2 . Under a starting headspace of 100 % N 2 , culture tubes were injected with 100 % CO 2 or atmospheric air (21 % O 2 ). After injection, the overpressure was released to obtain final headspace concentrations of 0-5 % CO 2 and 0-20 % O 2 . To test if the strains could grow under anoxic conditions by fermentation or anaerobic respiration, tubes containing 0 % O 2 with 0 or 1 % CO 2 were injected with a reducing solution of 1 mM (final concentration) DTT and cysteine or 0.05 % (final concentration) cysteine-HCl prior to inoculation with bacteria (Breznak & Costilow, 2007) . An increase in turbidity by at least 50 % of the optical density (OD 600 ) measured at the time of inoculation was considered evidence for growth.
Growth was possible for strains CAG34 T and CV41 T from 1 to 20 % O 2 (Table 1) . For both strains, the generation time decreased as the O 2 concentration was increased (Table 1) . In contrast to strain CAG34 T , strain CV41 T required CO 2 supplementation (0.5 %) for growth (Table 1 ), suggesting that it is a capnophile. Optimum growth for strains CAG34 T and CV41 T occurred under an atmospheric range of 12-20 % O 2 and 1 % CO 2 ( Table 1 ). The two strains did not grow in the absence of oxygen (Table 1 ), suggesting an inability to grow by fermentation or anaerobic respiration under reducing conditions using any electron acceptors endogenous to the growth medium. In addition, no evidence of alternative terminal electron acceptors (nitrate, nitrite, fumarate, etc.) was detected in the genomes of both strains, indicating that they are probably obligate aerobes. However, our in vitro tests for their ability to grow by anaerobic respiration were not exhaustive.
The NaCl concentration for growth was determined by incubating the bacteria in TSB media containing 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 or 10 % (w/v) NaCl. Growth in the absence of NaCl was tested by incubating the bacteria on media containing all the components of TSA [1.5 % (w/v) peptone, 0.5 % (w/v) tryptone and 1.5 % (w/v) agar] but without NaCl. The pH tolerance was assessed by incubating the bacteria in TSB medium ranging from pH 4.0 to 9.0 in 0.5 pH unit increments. The pH tolerance test medium was buffered using 10 mM citric acid (pH 4.0-4.5), 10 mM succinate (pH 5.0-5.5), 10 mM MOPS (pH 6.0-7.5) or 10 mM Table 1 . Effect of headspace O 2 and CO 2 concentrations on the generation times of strains CAG34 T and CV41 T Growth was measured by spectrophotometry at a wavelength of 600 nm in stoppered anaerobic culture tubes without replacement of the atmosphere. Values are expressed as mean ± SD and were obtained from 3-6 replicates. NG, no growth; ND, not determined. Tris-HCl (pH 8.0-9.0). Growth was measured by spectrophotometry as before. Growth was possible for strains CAG34 T and CV41 T in 0.5-1.5 % (w/v) NaCl and inhibited for both strains above 1.5 % and below 0.5 % NaCl. Growth was possible within a pH range of 6.9-7.7 for strain CAG34 T and 6.9-7.3 for strain CV41 T . Optimum growth occurred at 1 % (w/v) NaCl and pH 7 for both strains.
The temperature range for growth was determined by incubating the bacteria in stoppered anaerobic culture tubes containing 5 ml TSB under headspace concentrations of 20 % O 2 and 1 % CO 2 . Tubes inoculated with bacteria were incubated in temperature-controlled shakers (Benchmark) set at 23, 30, 37, 40 or 42 C. Growth was measured by spectrophotometry as before. Both strains were able to grow under a temperature range of 23-37 C. Optimum growth occurred for both strains at 37 C. Substrate usage was determined by using GN2 microplates (Biolog) and the API 20NE system (bioM erieux). Enzyme activity was analysed by using the API ZYM system (bio-M erieux). All substrate and enzyme assays were performed according to the manufacturers' instructions. Using the GN2 microplate system, Strain CAG34 T was able to use Darabitol, cellobiose, D-fructose, D-glucose, a-D-lactose, maltose, D-mannitol, D-mannose, melibiose, D-psicose, raffinose, D-sorbitol, sucrose, trehalose, turanose, succinic acid methyl ester, DL-lactic acid and succinic acid. Examples of substrates that strain CAG34 T could not use included L-fucose, L-arabinose, D-galactose, lactulose, xylitol, acetic acid, citric acid, formic acid, propionic acid, D-alanine, L-asparagine, Laspartic acid, L-glutamic acid, L-histidine, L-leucine, L-proline, D-serine and DL-carnitine. Strain CV41 T was able to use dextrin, D-arabitol, cellobiose, D-fructose, D-galactose, gentiobiose, D-glucose, a-D-lactose, maltose, D-mannitol, Dmannose, methyl b-D-glucose, sucrose, trehalose, turanose, succinic acid monomethyl ester, DL-lactic acid and succinic acid. Examples of substrates that strain CV41 T could not use included L-fucose, L-arabinose, lactulose, melibiose, D-psicose, raffinose, D-sorbitol, xylitol, acetic acid, citric acid, formic acid, propionic acid, D-alanine, L-asparagine, aspartic acid, L-glutamic acid, L-histidine, L-leucine, L-proline, D-serine and DL-carnitine.
Using the API ZYM system, strain CAG34 T tested positive for the enzymes alkaline phosphatase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-galactosidase, bgalactosidase, a-glucosidase, and N-acetyl-b-glucosaminidase. Strain CAG34 T was negative for esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, valine arylamidase, crystine arylamidase, trypsin, a-chymotrypsin, b-glucuronidase, b-glucosidase, a-mannosidase and a-fucosidase. Strain CV41 T was positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), acid phosphatase, naphthol-AS-BI-phosphohydrolase and N-acetyl-b-glucosaminidase. Strain CV41 T was identical to strain CAG34 T in the enzymes that were negative with the addition of a-galactosidase, b-galactosidase (on 2-naphthyl-b-D-galactopyranoside) and a-glucosidase. Using the API 20NE system, b-galactosidase activity on 4-nitrophenyl-b-D-galactopyranoside and b-glucosidase activity on aesculin was detected in strain CAG34 T . Strain CV41 T only tested positive for b-galactosidase activity on 4-nitrophenylb-D-galactopyranoside.
Catalase activity was determined by placing cells on a microscope slide and monitoring gas accumulation beneath a coverslip after the addition of 3 % H 2 O 2 . The presence of cytochrome c oxidase was indicated by a blue colour change of cells after the addition of oxidase diagnostic reagent (Becton Dickinson). Urease activity was tested by monitoring cells for growth and media colour change in urea broth (Difco BD) supplemented with TSB and trace mineral supplement (ATCC). Motility was tested by inoculating the bacteria in sulfide-indole-motility (SIM; EMD Millipore) agar. Both strains were non-motile and negative for catalase and oxidase. Strain CAG34 T was negative for urease and strain CV41 T was positive for urease. For transmission electron microscopy, the bacteria were fixed with 2.5 % glutaraldehyde in 0.1 M cacodylate solution and sent to the Michigan State University Center for Advanced Microscopy (East Lansing, MI, USA). Cells were post-fixed in 1 % osmium tetroxide in 0.1 M phosphate buffer for 1 h, dehydrated using a 30-95 % acetone graded series, embedded in Poly/Bed 812 (Polysciences) and cut into 70 nm ultrathin sections. The sections were then stained with uranyl acetate and lead citrate, and examined under a Jeol 100 CXII transmission electron microscope. Cells of strains CAG34 T and CV41 T were both coccoid and ranged from 0.5 to 0.6 µm in diameter (Fig. 1 ). Both strains appeared to have a Gram-negative type outer membrane and thin cell wall. Their Gram-negative status was verified by Gram staining followed by light microscopy.
To determine the cellular fatty acid composition, cultures were grown on TSA plates for 7 days at 28 C under atmospheric air (21 % O 2 ) supplemented with 1 % CO 2 . Cells were pelleted in TSB containing 20 % (v/v) glycerol and frozen in rubber-sealed cryovials at -80 C. Frozen cells were sent on dry ice to MIDI labs (Newark, DE, USA) for analysis using the Sherlock Microbial ID system (MIS). As shown in Table 2 , the major cellular fatty acids were anteiso-C 15 : 0 (55.4 %), iso-C 14 : 0 (12.4 %), C 16 : 0 (8.5 %) and C 16 : 1 !5c (6.6 %) for strain CAG34 T , and anteiso-C 15 : 0 (58.0 %), C 16 : 0 (9.2 %), iso-C 14 : 0 (7.1 %) and C 16 : 1 !5c (6.3 %) for strain CV41 T .
DNA was extracted as described by Matson et al. (2007) . The genomes of the bacteria were sequenced using a HiSeq 2500 machine (Illumina) at the Harvard University FAS Center for Systems Biology core facility (Cambridge, MA, USA). Raw sequences were trimmed for quality and adapter readthrough using Trimmomatic (Bolger et al., 2014) and preliminary assemblies were carried out using Velvet (Zerbino & Birney, 2008) . The G+C content of the genomic DNA was 60.7 mol% for strain CAG34 T and 60.5 mol% for strain CV41 T . Both isolates had a single copy of the 16S rRNA gene, the full-length sequence of which was obtained from the genome and used in phylogenetic analyses. The sequence alignment was done using SINA (Pruesse et al., 2012) and the maximum-likelihood-based tree was reconstructed with PhyML (Guindon et al., 2005) using the phylogeny.fr program (Dereeper et al., 2008) . The analysis revealed that both strains formed a monophyletic clade in the family Opitutaceae within the 'Verrucomicrobia' class Opitutae (subphylum 4) (Fig. 2) . Based on the 16S rRNA gene sequence, the isolates shared a sequence similarity of 97.7 % with each other (based on 1552 bp) and a sequence similarity of 91.8 % with their closest cultivated neighbour, Opitutus terrae PB90-1 T (Chin et al., 2001) . Additionally, strains CAG34 T and CV41 T shared sequence similarities with their closest environmental clones Fb-17 (obtained from C. rohweri; 99.8 % similarity) and 114a (obtained from C. varians; 99.7 % similarity), respectively (Russell et al., 2009) .
Strains CAG34 T and CV41 T showed distinct phenotypic features from cultivated members of the same subphylum (Table 3) . Both strains had a G+C content consistent with other members of the family Opitutaceae (Rodrigues & Isanapong, 2014) and shared a sequence similarity of 91.8 % with their closest cultivated neighbour. Thus, we consider that strains CAG34 T and CV41 T should be classified as members of a new genus within the family Opitutaceae, for which we propose the name Cephaloticoccus gen. nov. The strains shared a 16S rRNA gene sequence similarity of 97.7 % with respect to each other, which falls below the 98.65 % cutoff recently proposed for species demarcation (Kim et al., 2014) . Strain CAG34 T grouped universally with environmental clones obtained from C. rohweri (e.g. Fb-17), and strain CV41 T grouped universally with environmental clones obtained from C. varians (e.g. 114a), suggesting that each strain has a long evolutionary history shared with each of their respective ant hosts. Furthermore, strains CAG34 T and CV41 T showed distinct characteristics from each other. First, compared with strain CAG34 T , strain CV41 T was capnophillic and could not grow without supplemental CO 2 . Under all conditions tested, the generation times for strain CAG34 T were significantly higher than those for strain CV41 T . Second, strains CAG34 T and CV41 T each used and possessed unique substrates and enzymes. Strain CAG34 T used melibiose, D-psicose, raffinose and D-sorbitol and possessed a-galactosidase, b-galactosidase and a-glucosidase, whereas strain CV41 T used dextrin, gentiobiose and methyl b-D-glucose and possessed urease, esterase (C4) and esterase lipase (C8). Finally, strain CAG34 T had a distinct cellular fatty acid profile compared with that of strain CV41 T (e.g. iso-C 14 : 0 , C 18 : 0 , Table 2 ). Therefore, based on these differences, we believe that strains CAG34 T and CV41 T are sufficiently distinct from each other to warrant their classification as representing two novel species within the proposed genus Cephaloticoccus gen. nov. Accordingly, we propose the name Cephaloticoccus primus sp. nov. for strain CAG34 T and Cephaloticoccus capnophilus sp. nov. for strain CV41 T . Description of Cephaloticoccus primus sp. nov.
Cephaloticoccus primus (pri'mus. L. masc. adj. primus first, the first to be found).
Has the following characteristics in addition to those given for the genus. Cells are 0.5-0.6 µm in diameter. Growth is possible under atmospheres of 1-20 % O 2 and 0-5 % CO 2 . Grows on brain heart infusion agar and on solid and liquid trypticase soy medium at pH values of 6.9-7.7, NaCl concentrations of 0.5-1.5 % (w/v) and temperatures of 23-37 C. Optimum growth occurs at pH 7, with 1 % (w/v) NaCl, at 37 C and under atmospheric conditions of 12-20 % O 2 with 1 % CO 2 . The major fatty acids are anteiso-C 15 : 0 , iso-C 14 : 0 , C 16 : 0 and C 16 : 1 !5c. Cells are negative for catalase, oxidase and urease, but positive for alkaline phosphatase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-galactosidase, b-galactosidase, a-glucosidase, N-acetyl-b-glucosaminidase, b-galactosidase and b-glucosidase. Substrates used include D-arabitol, cellobiose, D-fructose, D-glucose, a-D-lactose, maltose, D-mannitol, D-mannose, melibiose, D-psicose, raffinose, D-sorbitol, sucrose, trehalose, turanose, succinic acid methyl ester, DL-lactic acidand succinic acid. Substrates not used include L-fucose, L-arabinose, D-galactose, lactulose, xylitol, acetic acid, citric acid, formic acid, propionic acid, Dalanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-histidine, L-leucine, L-proline, D-serine and DL-carnitine.
The type strain, CAG34 T (=NCIMB 15004 T =ATCC TSD-38 T ), was isolated from the gut of the arboreal ant Cephalotes rohweri, collected from Tucson, AZ, USA. The G+C content of the genomic DNA of the type strain is 60.7 mol%. 
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